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BACKGROUND

[0004] Ribosomes are macromolecular structures that catalyze protein synthesis in cells.
They consist universally of two subunits composed of numerous proteins and several RNAs.
Proteins contribute to the structure, stability, and activity of the subunits. However, in
general, it has been difficult to assign specific functions to individual ribosomal proteins, as
many are not essential for ribosomal function or have additional extraribosomal functions.
By contrast, ribosomal RNAs (rRNAs) are responsible for the overall shape of the ribosomal
subunits as well as for the enzymatic activity that catalyzes protein synthesis. Evidence is
accumulating that rRNAs may also affect other aspects of protein synthesis, including mRNA
recruitment, regulation of the efficiency of translation of specific mRNAs, and facilitation of
ribosomal shunting.

[0005] The ability to study the role of rRNA in ribosome assembly, protein synthesis, and
non-canonical aspects of rRNA function requires being able to alter rRNA sequences and

monitor the activity of modified ribosomal subunits in vivo. Analysis of rRNA processing,
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ribosome assembly, and function of higher eukaryotic rRNA have been hindered by the lack
of an expression system that enables rRNA to be modified and then examined functionally.
[0006] There is a great need in the art for effective systems for expressing modified

rRNAs and performing functional analyses, especially mammalian systems.

SUMMARY
[0007] In one aspect, provided are synthetic or isolated polynucleotides encoding a
mammalian 18S rRNA that is resistant to pactamycin. In these polynucleotides, the
pactamycin-resistance is conferred by one or more single residue substitutions in the 18S
rRNA sequence. Also provided are fragments of such polynucleotides harboring the
substitutions, complementary sequences, and substantially identical sequences. In some
embodiments, the single residue substitution in the polynucleotide conferring pactamycin-
resistance is at a position corresponding to G963, A964, C1065 or C1066 of mouse 18S
rRNA (SEQ ID NO:23). In some preferred embodiments, the single residue substitution is at
a position corresponding to position G963 of SEQ ID NO:23. Some of these polynucleotides
contain a single residue substitution that corresponds to a G963 A substitution in SEQ ID
NO:23.
[0008] In some embodiments, the polynucleotide encodes a pactamycin resistant human
18S rRNA or mouse 18S rRNA. In some embodiments, the polynucleotide includes SEQ ID
NO:23 except for a G963 A substitution. In some related aspects, provided are mammalian
18S rRNA molecules encoded by the synthetic or isolated polynucleotides. In another aspect,
provided are vectors harboring the polynucleotides that encode a pactamycin resistant 18S
rRNA. In some of these vectors, the polynucleotide can further include the 5° ETS and ITS1
of the rDNA sequence. In some embodiments, the vectors further include a pol-I promoter or
a cytomegalovirus (CMV) promoter. In some embodiments, the vectors further include the 3'
ETS or an SV40 poly(A) signal. In another related aspect, host cells that harbor an
expression vector are disclosed herein.
[0009] In another aspect, provided are methods for identifying a mutation in 18S rRNA
that alters ribosomal functions. The methods entail (a) introducing an additional mutation to
a synthetic polynucleotide encoding a mammalian 18S rRNA that is resistant to pactamycin,
wherein the pactamycin-resistance is conferred by one or more single residue substitutions in
the 18S rRNA sequence, (b) expressing the synthetic polynucleotide bearing the additional
mutation in a host cell in the presence of pactamycin, and (c) detecting an alteration in the

ribosomes of the host cell relative to that of a control cell expressing the synthetic
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polynucleotide without the additional mutation. These steps allow identification of the
additional mutation as one altering ribosomal functions. Typically, the synthetic
polynucleotide is present in an expression vector introduced into the host cell. In some
embodiments, the pactamycin-resistant 18S rRNA harbors a single residue substitution at a
position corresponding to G963, A964, C1065 or C1066 of mouse 18S rRNA (SEQ ID
NO:23). For example, the 18S rRNA can harbor a substitution corresponding to a G963 A
substitution in SEQ ID NO:23. Some methods employ a synthetic polynucleotide comprising
SEQ ID NO:23 except for a G963 A substitution.

[0010] In another aspect, provided are methods for producing ribosomes with enhanced
translation efficiency in a mammalian cell. These methods entail (a) introducing an
additional mutation to a synthetic polynucleotide encoding a pactamycin-resistance
mammalian 18S rRNA, wherein the pactamycin-resistance is conferred by one or more single
residue substitutions in the 18S rRNA sequence, (b) introducing the synthetic polynucleotide
bearing said additional mutation into a host mammalian cell, (¢) culturing the cell in the
presence of pactamycin, and (d) detecting enhanced translation efficiency in the cell relative
to that of a control cell expressing the synthetic polynucleotide without the additional
mutation. With these methods, ribosomes with enhanced translation efficiency can be
obtained. Typically, the synthetic polynucleotide employed in these methods is present in an
expression vector introduced into the host cell. In some embodiments, the pactamycin-
resistant 18S rRNA harbors a single residue substitution at position corresponding to G963,
A964, C1065 or C1066 of mouse 18S rRNA (SEQ ID NO:23). Some of the methods employ
a 18s rRNA-encoding synthetic polynucleotide with a single residue substitution that
corresponds to a G963 A substitution in SEQ ID NO:23. For example, the methods can
utilize a synthetic polynucleotide that includes SEQ ID NO:23 except for a G963A
substitution. In various embodiments, translation efficiency can be determined by measuring
the level of a specific polypeptide in the host cell.

[0011] In another aspect, provided is a kit comprising an expression vector comprising a
synthetic polynucleotide encoding a mammalian 18S rRNA that is resistant to pactamycin,
wherein the pactamycin-resistance is conferred by one or more single residue substitutions in
the 18S rRNA sequence, as described herein. In one embodiment, the kit further includes a
cell containing the expression vector.

[0012] In another aspect, provided is a method for preferentially translating a
recombinant mRNA, the method comprising expressing in a mammalian cell a

polynucleotide encoding a mammalian 18S rRNA that is resistant to pactamycin, wherein the
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polynucleotide encoding the 18S rRNA has been further altered to introduce one or more
additional mutations, the one or more additional mutations conferring preferential binding of
the recombinant mRNA to the 18S rRNA encoded by the polynucleotide, the method further
comprising providing the recombinant mRNA to the cell and exposing the cell to pactamycin
in an amount sufficient to reduce or eliminate protein synthesis from the cell’s endogenous
40S ribosomal subunits, thereby largely restricting protein synthesis in the cell to 40S
ribosomal subunits comprising the 18S rRNA encoded by the polynucleotide and
preferentially translating the recombinant mRNA.

[0013] A further understanding of the nature and advantages of the systems, methods and
kits described herein may be realized by reference to the remaining portions of the

specification and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Figures 1a-1c show rRNA transcript processing pathway and an rRNA expression
system according to one implementation. (a) A schematic representation of an rRNA
expression platform. Grey enclosures represent cells and contain polysomes with mRNA
indicated as black lines and ribosomal subunits as circles (60S subunits as larger circles; 40S
subunits as smaller circles). The darker colored 40S subunits are antibiotic-sensitive
endogenous subunits; the white 40S subunits contain synthetic 18S rRNA and are antibiotic-
resistant. The different colors are used to indicate that the subunits are physically
distinguishable. A cell-permeable antibiotic binds to and blocks the activity of endogenous
40S subunits. Synthetic 40S subunits are unaffected and are able to translate under these
conditions. (b) Mouse 47S primary rRNA transcript. 47S rRNA is indicated schematically as
a horizontal line. The different sections represent encoded rRNAs. The 18S rRNA is the RNA
component of 40S ribosomal subunits and the 28S and 5.8S rRNAs are RNA components of
60S subunits. The black lines represent the external transcribed spacer regions (5' ETS and 3’
ETS) and the internal transcribed spacer regions (ITS1 and ITS2), as indicated. Cleavage
sites in the transcribed spacers are indicated as vertical lines and labeled. (c) rRNA transcript
processing pathways. Processing of the precursor transcripts involves numerous protein and
RNA factors and has been studied extensively in various organisms. The mouse 47S
precursor rRNA is transcribed in the nucleolus by RNA polymerase I, and is subsequently
processed by two possible pathways. Cleavage proceeds in the direction of the arrows from
478S to 188, 5.8S, and 28S rRNAs; 45S rRNA can be processed to 18S rRNA by two

pathways as indicated, which generate different intermediate products. Processing sites and
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major cleavage products resulting from maturation of 18S rRNA are indicated at each
cleavage step. Processing of 5.8S and 28S rRNAs involve additional cleavage steps and
intermediate products, which are not indicated.

[0015] Figures 2a-2¢ show analysis of processing of rRNA constructs. (a) Schematic
representation of RNAs expressed from constructs p18S.1-.6. Constructs contain either a pol-
I promoter and 3' ETS, or a CMV promoter and an SV40 poly(A) signal. The 5' ETS and
ITS1 are indicated by thick black lines, the 18S rRNA by a yellow bar, and deleted spacer
sequences by thin dashed lines. Cleavage sites are indicated. (b) Northern blot analysis of
18S rRNA processing. N2a cells were transfected with the constructs indicated and RNA
analyzed by Northern blots as described in Methods. Nucleotide positions of a single
stranded RNA size ladder are indicated to the left side of the blot. This blot contains the
following controls: A: 100 ng 18S WT transcript, B: 100 ng 18S tagged transcript, C: 2 ug
total RNA from N2a cells transfected with p18S.1 untagged (Pol-1), D: 2 pg total RNA from
mock transfected N2a cells, E: 2 ug total RNA from N2a cells. Synthetic rRNA was detected
by hybridization to an inserted tag sequence using the a-tag probe. The upper bands (asterisk)
correspond to full-length and partially processed transcripts. The location of mature 18S
rRNA is indicated. (c) Time course of 18S rRNA accumulation from construct p18S.1 (Pol-
1). For these experiments N2a cells were transfected and RNA harvested at various times
post-transfection as indicated. The controls are the same as in (b).

[0016] Figures 3a-3¢ show analysis of contribution of 5' ETS sequences to 18S rRNA
processing. (a) Schematic representation of constructs as in Figure 2. Constructs contain a
pol-I promoter and 3' ETS. (b) Northern blot analysis of 18S rRNA processing. N2a cells
were transfected with the constructs indicated and RNA analyzed by Northern blots as
described in Methods. Synthetic rRNA was detected by hybridization to an inserted tag
sequence using the a-tag probe. The asterisk indicates full-length and partially processed
transcripts. The location of mature 18S rRNA is indicated. Controls for this blot are as
described in Figure 2. (c) Top: Schematic shows comparison of U3 snoRNA 5' hinge region
(SEQ ID NO:25) to p18S.1 (SEQ ID NO:26), p18S.8A (SEQ ID NO:27), and p18S.8m (SEQ
ID NO:28); the complementary sequence match to p18S.1 is highlighted. Bottom: The
Northern blot shows synthetic rRNA expression from N2a cells transfected with the indicated
constructs. This blot was hybridized with the a-tag probe, as in panel (b). Controls for this
blot are as described in Figure 2.

[0017] Figures 4a-4d show analysis of pactamycin-resistance mutations in N2a cells. (a)

Protein expression in cells expressing wild-type or mutated 18S rRNA constructs. Cells were
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either not transfected (NT) or transfected with constructs expressing wild type (WT) 18S
rRNA or 18S rRNAs containing the point mutations indicated. Cells were then **S pulse-
labeled in the absence or presence of 100 ng/ml pactamycin as indicated, cells were lysed,
and equal volumes of the cell lysates were analyzed by SDS-PAGE, as described in Methods.
Representative autoradiograms are shown. (b) Relative luciferase activities in cell lysates
from cells transfected with wild-type or mutated 18S rRNAs and with pGL4.13 (Promega).
N2a cells were cotransfected with the 18S rRNA constructs indicated and with a firefly
luciferase construct (pGL4.13) and luciferase expression monitored from cell lysates.
Luciferase activities are relative to those obtained from cells transfected with the WT
construct, which is set to 1.0. Details of the cotransfection and assay methods are described
in Example 7. (c¢) Quantification of synthetic rRNA levels from Northern blots for cells
transfected with WT or mutated rRNA constructs. Synthetic rRNA was detected by
hybridization with the a-tag probe. Signals were quantified using a Molecular Dynamics
Phosphorimager and are represented relative to WT, with WT set to 100%. (d) Cells were
transfected with either wild-type or G693 A mutation-containing 18S rRNA constructs and
incubated with various amounts of pactamycin as indicated. Cells were *°S pulse-labeled, and
cell lysates analyzed by SDS-PAGE. Representative autoradiograms are shown. In panels (c)
and (d) error bars represent standard deviations from 3 independent experiments.

[0018] Figures 5a-5¢ show sucrose density gradient distributions of ribosomal subunits
containing synthetic 18S rRNAs. (a) ddCTP primer extension assay. Partial sequences of
wild type (SEQ ID NO:29) and mutated 18S rRNAs are shown. The position of the
pactamycin-resistance mutation (G693A), located at nucleotide 963 in mouse 18S rRNA
(SEQ ID NO:30), is highlighted. The sequence of oligonucleotide primer 693RT (SEQ ID
NO:31) is shown aligned to its complementary match in the 18S rRNAs. Primer extension
reactions performed in the presence of ddCTP will terminate at the first G located upstream
of the primer. This will result in 4-nt-extended products from wild-type 18S rRNA templates
(SEQ ID NO:32) and 6-nt-extended products from G693 A-mutated 18S rRNAs (SEQ ID
NO:33). In each case, the extended nucleotides are indicated at the 3’ end. (b) Top: Lysates
from cycloheximide-treated N2a cells transfected with p18S.1(G693A) were fractionated in a
10-50% (w/v) linear sucrose gradient. Peaks (left to right) represent 40S ribosomal subunits,
60S ribosomal subunits, 80S single ribosomes, and polysomes. The fractions (A-H) that were
collected for RNA analysis are indicated. Bottom: RNA prepared from fractions A-H was
visualized in an ethidium bromide-stained agarose gel. The 28S and 18S rRNAs are

indicated. (c) Top: EDTA-dissociated ribosomes were fractionated on a 10-35% (w/v) linear
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sucrose gradient. Peaks (left to right) represent 40S and 60S ribosomal subunits. Bottom:
RNA analysis as in panel (b). (d) PAGE analysis of RNA prepared from fractions of the
sucrose gradient in panel b) which were subjected to ddCTP primer extension using
oligonucleotide primer 693RT, which was **-P-labeled. The sequencing reactions (lanes
c,t,a,g) used the same primer with total RNA as a template. The upper bands are generated
from the synthetic 18S rRNA (Pact’) and the lower bands are from endogenous 18S rRNA
(WT). Lanes 1-3 are controls. Control 1 is an equimolar mixture of in vitro transcripts that
contain or lack the pactamycin resistance mutation. Control 2 is total RNA from
untransfected N2a cells, which contains only the wild-type 18S rRNA. Control 3 is a no
template control. The levels of the primer extension products from the various fractions were
quantified from Phosphorimager exposures and the ratios of the two bands (WT : Pact’) are
shown in the inset. (¢) ddCTP primer extension from fractions of gradient in panel (c).
[0019] Figures 6a-6b show analysis of function of synthetic 18S rRNAs containing
deletions in 5' ETS or ITS1. (a) Reporter assays of N2a cells cotransfected with a
monocistronic reporter construct expressing an optimized firefly luciferase (Fluc2) and
various 18S rRNA constructs as indicated. A schematic representation of the monocistronic
construct is shown above. The synthetic rRNAs used in each experiment are indicated below
the graph: p18S.1 contains the full 5' ETS and ITS1, p18S.7 contains a deletion of the 3'
region of the 5' ETS, and p18S.2 lacks ITS1. Luciferase activities were determined as
described in Methods. The results of the various transfections are reported as fold induction
of Fluc2, which is luciferase activity over background obtained with wild-type (pactamycin-
sensitive) ribosomes (p18S.1). (b) Reporter assays of N2a cells transfected with dicistronic
reporter constructs expressing Fluc2 and an optimized human Renilla luciferase (hRen). The
control construct contained a multiple cloning site (MCS) in the intercistronic region; the
other constructs contained either the EMCV or PV IRES. The 18S rRNA constructs and
reporter constructs used in each experiment are indicated below the graph. The results are
reported as hRen to Fluc2 ratios normalized to the MCS construct, which has no IRES
activity. Error bars represent standard deviations from 3 independent experiments.

[0020] Figures 7a-7¢ show analysis of 18S rRNA maturation. (a) Schematic
representation of constructs. Constructs contain a pol-I promoter and 3' ETS. Northern blots
in panels b-¢ contain RNA from N2a cells transfected with various 18S rRNA constructs and
from untransfected (control) cells as indicated. (b) Northern blot analysis of synthetic 18S
rRNAs using the a-tag probe. (¢) Northern blot from panel b was re-probed with a-18S rRNA
probe to detect endogenous 18S rRNAs in the same samples. (d) Northern blot analysis of 5'
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ETS-containing pre-rRNAs using a-5' ETS probe which hybridizes to sequences located
immediately 5' of site 1. (e) Northern blot analysis of ITS1-containing pre-rRNAS using a-
ITS1 probe which hybridizes to sequences located immediately 3' of site 2. Sizes in panels d
and ¢ are indicated for known pre-rRNAs, corresponding to those shown in Figure 1.

[0021] Figure 8a-8c show sedimentation analysis of synthetic rRNA species. (a) Northern
blot analysis of total RNA (total) and RNA from cellular fractionation through centrifugation
into S100 and P100 fractions. RNA was from cells that were either untransfected (N2a) or
transfected with p18S.1(pol-1) or p18S.1(CMV) constructs as indicated. In vitro transcripts
of wild-type 18S rRNA (wt) and 18S rRNA containing the hybridization tag (tag) were
electrophoresed alongside as hybridization and size controls. The blot was hybridized using
the a-18S rRNA probe. The image to the right shows part of the image to the left that was
contrast adjusted to reveal bands, indicated by an asterisk, that correspond to full-length and
partially processed transcripts. (b) This blot was hybridized using the a-tag probe. The image
to the right corresponds to part of the image to the left that was contrast adjusted.
Background hybridization of endogenous rRNAs with the a-tag probe is seen in the N2a
samples. (c) Cells were transfected with either p18S.1(pol-I) which contains ITS1 or
p18S.2(pol-I) which lacks ITS1 as indicated. This blot was hybridized using the a-tag probe.
[0022] Figure 9 shows analysis of mature 18S rRNA production from diluted plasmid
transfections. Northern blot analysis of synthetic 18S rRNAs from cells transfected with
different plasmid dilutions. Three vectors that form mature 40S subunits were tested: p18S.1
which contains the full-length 5" ETS and ITS1 sequences, p18S.7, which contains a deletion
in the 5' ETS, and p18S.2, which contains a deletion in ITS1. The Northern blots were probed
with the a-18S tag and the major band corresponds to mature 18S rRNA. Transfections were
performed with pBS KS as a filler plasmid to retain transfection efficiency. Synthetic 18S
rRNA levels are indicated on an arbitrary scale normalized to 100 for the p18S.1 construct at

I ug plasmid/transfection.
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DETAILED DESCRIPTION

L Overview

[0023] Described herein are mouse 18S rRNA expression systems and methods of use.
This rRNA is the RNA component of the small (40S) ribosomal subunit and is co-transcribed
as part of a larger precursor transcript along with the 5.8S and 28S rRNAs, which are
components of the large (60S) subunit (Figure 1b). A sequence tag was introduced into the
18S rRNA that can be detected by hybridization allowing for the study of transcription,
processing, and subcellular distribution of 40S subunits containing synthetic rRNAs. To
monitor the translational activity of the ribosomal subunits, mutations were identified in the
18S rRNA that confer resistance to inhibition by the antibiotic pactamycin. Pactamycin is
thought to inhibit translation by binding to the E site in 40S ribosomal subunits, blocking
translocation of the mRNA-tRNA complex through the ribosome during elongation.
Therefore, by expressing 18S rRNAs with a pactamycin-resistance mutation in cells, the drug
can be used to specifically block translation from the cell’s endogenous 40S subunits and
monitor translation from subunits containing the pactamycin-resistant mutation.

[0024] Provided herein is a mammalian 18S rRNA expression system. The expression
system can harbor a sequence tag which is inserted into expansion segment 3 of mouse 18S
rRNA to monitor expression and cleavage by hybridization. The expression system can
typically also harbor a single residue substitution in the 18S rRNA coding region that confers
resistance to pactamycin, allowing functional analysis of 40S ribosomal subunits containing
synthetic 18S rRNAs by selectively blocking translation from endogenous (pactamycin-
sensitive) subunits. With such an expression system, rRNA constructs can be suitably
expressed in transfected cells, shown to process correctly, incorporate into ~15% of 40S
subunits, and function normally based on various criteria.

[0025] The correct processing of modified 18S rRNA in the expression system described
herein can provide a method to examine any implications on rRNA processing and ribosome
functions of mutations or natural variations in 18S rRNA sequence, and can also be used to
investigate the importance of sequences flanking the 18S rRNA in precursor transcripts. For
example, and as detailed in the Examples below, e.g., the effect of the 5' external transcribed
spacer (ETS) and the first internal transcribed spacer (ITS1) in the 18S rRNA expression
system was analyzed. Specifically, while deletion analysis supported the requirement of
binding sites for the U3 snoRNA, it showed that a large segment of the 5' external transcribed
spacer and the entire first internal transcribed spacer, both of which flank 18S rRNA, are not

required for translation from or assembly of mature subunits.
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[0026] In accordance with these studies, provided herein are synthetic polynucleotides
and related expression vectors which are useful for expressing mammalian 18S rRNA and
analyzing ribosome functions. Also provided herein are methods for identifying mutations in
rRNAs or ribosome proteins that cause abnormal ribosome functions. Further provided
herein are methods for evolving ribosomal rRNA sequences to produce ribosomes with
modified properties, e.g., enhanced translation activities. The subject matter described herein
find various applications in basic research and synthetic biology.

[0027] It should be appreciated that the subject matter described herein should not be
limited to the particular methodology, protocols, and reagents described as these may vary.
Unless otherwise indicated, the practice of the described implementations employ
conventional techniques of molecular biology (including recombinant techniques),
microbiology, cell biology, biochemistry and immunology, which are within the skill of the
art. For example, exemplary methods are described in the following references, Sambrook et
al., Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Press (3" ed., 2001);
Brent et al., Current Protocols in Molecular Biology, John Wiley & Sons, Inc. (ringbou ed.,
2003); Freshney, Culture of Animal Cells: A Manual of Basic Technique, Wiley-Liss, Inc. (4™
ed., 2000); and Weissbach & Weissbach, Methods for Plant Molecular Biology, Academic
Press, NY, Section VIII, pp. 42 1-463, 1988.

11. Definitions

[0028] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by those of ordinary skill in the art. The following
references provide one of skill with a general definition of many of the terms used herein:
Academic Press Dictionary of Science and Technology, Morris (Ed.), Academic Press (1
ed., 1992); Oxford Dictionary of Biochemistry and Molecular Biology, Smith et al. (Eds.),
Oxford University Press (revised ed., 2000); Encyclopaedic Dictionary of Chemistry, Kumar
(Ed.), Anmol Publications Pvt. Ltd. (2002); Dictionary of Microbiology and Molecular
Biology, Singleton et al. (Eds.), John Wiley & Sons (3™ ed., 2002); Dictionary of Chemistry,
Hunt (Ed.), Routledge (1% ed., 1999); Dictionary of Pharmaceutical Medicine, Nahler (Ed.),
Springer-Verlag Telos (1994); Dictionary of Organic Chemistry, Kumar and Anandand
(Eds.), Anmol Publications Pvt. Ltd. (2002); and 4 Dictionary of Biology (Oxford Paperback
Reference), Martin and Hine (Eds.), Oxford University Press (4™ ed., 2000). Further
clarifications of some of these terms as they apply specifically to this disclosure are provided

herein.
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[0029] As used herein, the singular forms "a", "an", and "the" include plural reference
unless the context clearly dictates otherwise. Thus, for example, reference to "a cell” includes
a plurality of such cells, reference to "a protein” includes one or more proteins and
equivalents thereof known to those skilled in the art, and so forth.

[0030] Eukaryotes ribosomes are 80S, consisting of a small (40S) and large (60S)
subunit. Their 40S subunit has an 18S RNA (1900 nucleotides) and =33 proteins. The large
subunit is composed of a 5S RNA (=120 nucleotides), 28S RNA (=4700 nucleotides), a 5.8S
RNA (=160 nucleotides) subunits and =49 proteins. Ribosomes synthesize proteins
according to the information encoded in mRNA. During this process, both the incoming
amino acid and the nascent peptide are bound to tRNA molecules. The ribosome contains
three RNA binding sites, designated A, P and E. The A-site binds an aminoacyl-tRNA (a
tRNA bound to an amino acid); the P-site binds a peptidyl-tRNA (a tRNA bound to the
peptide being synthesized); and the E-site binds a free tRNA before it exits the ribosome.
Conventionally, protein synthesis begins at a start codon AUG near the 5' end of the mRNA.
The initiation codon of mRNA binds to the P-site of the ribosome first.

[0031] The ribosomal DNA (rDNA) consists of a tandem repeat of a unit segment, an
operon, composed of nontranscribed spacer (NTS), 5° external transcribed spacer (5° ETS),
188, internal transcribed spacer 1 (ITS1), 5.8S, internal transcribed spacer 2 (ITS2), 28S, and
the 3’ external transcribed spacer (3’ ETS) sequence elements. The rDNA is first transcribed
into a polycistronic rRNA precursor transcript. During rRNA maturation, ETS and ITS
pieces are excised and as non-functional maturation by-products rapidly degraded. The 5’
external transcribed spacer (5° ETS) is critical for 18S rRNA formation and is the longest
noncoding region in a ribosomal RNA transcript in higher eukaryotes.

[0032] The phrase “polynucleotide of interest” (or “gene of interest” or “target gene”) is
intended to include a cistron, an open reading frame (ORF), or a polynucleotide sequence
which codes for a polypeptide or protein product (“polypeptide of interest” or “target
polypeptide™). For enhanced expression of a polypeptide of interest, a polynucleotide of
interest encoding the polypeptide can be introduced into a host cell bearing a modified 18S
rRNA expression system as described herein. In particular, the 18S rRNA is modified (e.g.,
with random or targeted mutagenesis) to identify altered 18S rRNA that leads to enhanced
translation of the polypeptide of interest. For expression the polypeptide, the polynucleotide
of interest is typically present in an expression vector which additionally contain appropriate
transcription regulatory elements (e.g., promoter sequences) operably linked to the coding

sequence. In accordance with some implementations, various polypeptides of interest are
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suitable for enhanced expression with methods described herein, e.g., therapeutic proteins,
nutritional proteins and industrially useful proteins.

[0033] The term “endogenous” as used herein refers to a polynucleotide or polypeptide
that is normally found in the wild-type host, while the term "exogenous" refers to a
polynucleotide or polypeptide that is not normally found in the wild-type host.

[0034] A “host cell” refers to a living cell into which a heterologous polynucleotide
sequence is to be or has been introduced. The living cell includes both a cultured cell and a
cell within a living organism. Means for introducing the heterologous polynucleotide
sequence into the cell are well known, e.g., transfection, electroporation, calcium phosphate
precipitation, microinjection, transformation, viral infection, and/or the like. Often, the
heterologous polynucleotide sequence to be introduced into the cell is a replicable expression
vector or cloning vector. In some embodiments, host cells can be engineered to incorporate a
desired gene on its chromosome or in its genome. Many host cells that can be employed
(e.g., CHO cells) serve as hosts are well known in the art. See, ¢.g., Sambrook et al.,
Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Press (3™ ed., 2001); and
Brent et al., Current Protocols in Molecular Biology, John Wiley & Sons, Inc. (ringbou ed.,

2003). In some preferred embodiments, the host cell is a mammalian cell.

bR Y 2% ¢

[0035] The term “nucleotide sequence,” “nucleic acid sequence,” “nucleic acid,” or
“polynucleotide sequence,” refers to a deoxyribonucleotide or ribonucleotide polymer in
cither single- or double-stranded form, and unless otherwise limited, encompasses known
analogs of natural nucleotides that hybridize to nucleic acids in a manner similar to naturally-
occurring nucleotides. Nucleic acid sequences can be, ¢.g., prokaryotic sequences,
cukaryotic mRNA sequences, cDNA sequences from eukaryotic mRNA, genomic DNA
sequences from eukaryotic DNA (e.g., mammalian DNA), and synthetic DNA or RNA
sequences, but are not limited thereto.

[0036] The term “operably linked” or “operably associated” refers to functional linkage
between genetic elements that are joined in a manner that enables them to carry out their
normal functions. For example, a gene is operably linked to a promoter when its
transcription is under the control of the promoter and the transcript produced is correctly
translated into the protein normally encoded by the gene. Similarly, a translational enhancer
element is operably associated with a gene of interest if it allows up-regulated translation of a
mRNA transcribed from the gene.

[0037] Screening is, in general, a two-step process in which one first determines which

cells do and do not express a screening marker or harbor a functional or phenotypic property,
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and then physically separates the cells having the desired property. Selection is a form of
screening in which identification and physical separation are achieved simultaneously by
expression of a selection marker and/or detection of a functional/phenotypic characteristic.
For example, in some genetic circumstances, selection allows cells expressing the marker to
survive while other cells die (or vice versa). As used herein, screening and selection refer to
the process of generating one or more (e.g., a library of) candidate variants of a reference
molecule (e.g., 18S rDNA) and then identifying from the candidate variants one or more
specific variants that harbor a desired structure or function (e.g., enhanced translation
efficiency).

[0038] A “substantially identical” nucleic acid or amino acid sequence refers to a
polynucleotide or amino acid sequence which can include a sequence that has at least 75%,
80% or 90% sequence identity to a reference sequence as measured by one of the well-known
programs described herein (e.g., BLAST) using standard parameters. The sequence identity
is preferably at least 95%, more preferably at least 98%, and most preferably at least 99%. In
some embodiments, the subject sequence is of about the same length as compared to the
reference sequence, i.¢., consisting of about the same number of contiguous amino acid
residues (for polypeptide sequences) or nucleotide residues (for polynucleotide sequences).
[0039] Sequence identity can be readily determined with various methods known in the
art. For example, the BLASTN program (for nucleotide sequences) uses as defaults a
wordlength (W) of 11, an expectation (E) of 10, M=5, N=-4, and a comparison of both
strands. For amino acid sequences, the BLASTP program uses as defaults a wordlength (W)
of 3, an expectation (E) of 10, and the BLOSUMS62 scoring matrix (see Henikoff & Henikoff,
Proc. Natl. Acad. Sci. USA 89:10915 (1989)). Percentage of sequence identity is determined
by comparing two optimally aligned sequences over a comparison window, wherein the
portion of the polynucleotide sequence in the comparison window may include additions or
deletions (i.e., gaps) as compared to the reference sequence (which does not include additions
or deletions) for optimal alignment of the two sequences. The percentage is calculated by
determining the number of positions at which the identical nucleic acid base or amino acid
residue occurs in both sequences to yield the number of matched positions, dividing the
number of matched positions by the total number of positions in the window of comparison
and multiplying the result by 100 to yield the percentage of sequence identity.

[0040] A cell has been “transformed” or “transfected” by exogenous or heterologous
polynucleotide when such polynucleotide has been introduced inside the cell. The

transforming polynucleotide may or may not be integrated (covalently linked) into the
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genome of the cell. In prokaryotes, yeast, and mammalian cells for example, the
transforming polynucleotide may be maintained on an episomal element such as a plasmid.
With respect to eukaryotic cells, a stably transformed cell is one in which the transforming
polynucleotide has become integrated into a chromosome so that it is inherited by daughter
cells through chromosome replication. This stability is demonstrated by the ability of the
cukaryotic cell to establish cell lines or clones having a population of daughter cells
containing the transforming polynucleotide. A “clone” is a population of cells derived from a
single cell or common ancestor by mitosis. A “cell line” is a clone of a primary cell that is
capable of stable growth in vitro for many generations.

[0041] The term "vector” or “construct” refers to polynucleotide sequence elements
arranged in a definite pattern of organization such that the expression of genes/gene products
that are operably linked to these elements can be predictably controlled. Typically, they are
transmissible polynucleotide sequences (e.g., plasmid or virus) into which a segment of
foreign polynucleotide sequence can be spliced in order to introduce the foreign DNA into
host cells to promote its replication and/or transcription.

[0042] A cloning vector is a polynucleotide sequence (typically a plasmid or phage)
which is able to replicate autonomously in a host cell, and which is characterized by one or a
small number of restriction endonuclease recognition sites. A foreign polynucleotide
sequence fragment may be spliced into the vector at these sites in order to bring about the
replication and cloning of the fragment. The vector may contain one or more markers
suitable for use in the identification of transformed cells. For example, markers may provide
tetracycline or ampicillin resistance.

[0043] An expression vector is similar to a cloning vector but is capable of inducing the
expression of the polynucleotide sequence that has been cloned into it, after transformation
into a host. The cloned polynucleotide sequence is usually placed under the control of (i.c.,
operably linked to) certain regulatory sequences such as promoters or enhancers. Promoter

sequences may be constitutive, inducible or repressible.

111. Ribosomal polynucleotides for expressing mammalian 18S rRNA

[0044] Provided herein are synthetic (isolated or modified) ribosomal polynucleotides or
nucleic acid molecules for studying mammalian 18S rRNA expression and related ribosome
activities. The ribosomal polynucleotides described herein encompass rDNA and rRNA
nucleotide sequences described herein, as well as combinations or substantially identical

variants thereof. In some embodiments, the polynucleotide encodes (for DNA sequence) or
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includes (for RNA sequence) the full length or part of a mammalian (e.g., mouse or human)
18S rRNA nucleotide sequence, or a substantially identical variant thereof. In some
embodiments, the polynucleotide encodes or includes the full length or part of SEQ ID NO:
23 with one or more specific substitutions described herein, or a substantially identical
variant thereof. In some of these embodiments, the synthetic polynucleotides can include a
fragment of the full length 18S rDNA or rRNA sequence and harbor one or more of the
specific substitutions. Thus, the ribosomal polynucleotides described herein can include a
mammalian (e.g., mouse or human) rRNA nucleotide sequence, rDNA nucleotide sequence,
or a pre-TRNA nucleotide sequence, fragments thereof, or a substantially identical variant of
the foregoing.

[0045] In one aspect, provided are isolated or synthetic ribosomal polynucleotides which
can include or encode a pactamycin resistant 18S rRNA or a fragment thereof. In some
preferred embodiments, the encoded pactamycin resistant 18S rRNA is a mammalian 18S
rRNA. The pactamycin resistance is typically conferred by one or more single residue
substitutions or mutations at several specific conserved residues at the E-site of the encoded
18S rRNA. Using mouse 18S rDNA sequence (SEQ ID NO:23) (Accession No. JQ247698)
as the reference sequence, these residues include G963, A964, C1065 and C1066. Some
embodiments described herein are directed to ribosomal polynucleotides or “synthetic
polynucleotides” which include or encode a pactamycin resistant mammalian 18S rRNA.
These polynucleotides typically include a mammalian 18S rDNA sequence with one or more
mutations at positions corresponding to positions G963, A964, C1065 and C1066 in mouse
18S rDNA sequence (SEQ ID NO:23), a substantially identical sequence, or a subsequence
thereof encompassing the substitutions or mutations.

[0046] As the above-noted residues for substitutions are conserved among different
mammalian species, one can readily determine (e.g., via sequence alignment) the exact
positions of these residues in other mammalian species. Thus, as used herein, nucleotide
residues or positions corresponding to G963, A964, C1065 and C1066 in mouse 18S rDNA
sequence (SEQ ID NO:23) encompass these conserved residues present in any polynucleotide
sequences encoding a mammalian 18S rRNA or complementary sequences. For example, the
corresponding residues in another mouse 18S rDNA sequence, Accession No. X00686 (SEQ
ID NO: 34; Raynal et al., FEBS Lett. 167:263-268, 1984), are G962, A963, C1064 and
C1065, respectively. Similarly, the corresponding residues in human 18S rDNA sequence
(SEQ ID NO:24) (McCallum et al. Biochem. J. 1985; 232:725-733, 1985; Accession No.
X03205) are G961, A962, C1063 and C1064, respectively. The exact positions of these
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conserved residues in various other mammalian 18S rRNA or rDNA sequences can also be
readily determined. These include, ¢.g., mouse 18S rDNA sequence (Accession No.

NR _003278; SEQ ID NO: 35), rat 18S rDNA sequences (Accession Nos. X01117 SEQ ID
NO: 36; and M11188 SEQ ID NO: 37), rabbit 18S rDNA sequence (Accession No. X06778,
SEQ ID NO: 38), and human 18S rDNA sequences (Accession Nos. K03432, SEQ ID NO:
39; and M10098, SEQ ID NO: 40)

[0047] In some embodiments, the ribosomal polynucleotides described herein can include
or encode the full length mammalian 18S rRNA with one or more of the specific substitutions
conferring pactamycin resistance described herein. In some other embodiments, the synthetic
polynucleotides can include or encode 50 or fewer consecutive nucleotides of the mammalian
18S rRNA which encompasses one or more of the specific substitutions conferring
pactamycin resistance. In some other embodiments, the polynucleotides include or encode
100 or fewer consecutive nucleotides of the mammalian 18S rRNA including one or more of
the specific substitutions. In still some other embodiments, the polynucleotides include or
encode 250, 500, 750, 1000, 1500 or more consecutive nucleotides of the mammalian 18S
rRNA, including one or more of the above-described specific substitutions conferring
pactamycin resistance. In any of these embodiments, the synthetic polynucleotides can also
encompass substantially identical sequences or complementary sequences of the full length
18S rRNA sequences or fragment sequences described herein.

[0048] In some other embodiments, the polynucleotides include, or is complementary to,
a sequence that is at least 80%, 90%, 95% or 99% identical to SEQ ID NO:23 and contains
one or more substitutions at positions corresponding to positions G963, A964, C1065 and
C1066 of SEQ ID NO:23. In some of these embodiments, the mutation is at a position
corresponding to position G963 of SEQ ID NO:23. For example, the polynucleotides can
include or encode an 18S rRNA sequence with a G — A substitution at a position
corresponding to G963 of SEQ ID NO:23. In some embodiments, the polynucleotides
include a sequence that is identical or complementary to mouse 18S rDNA or human 18S
rDNA sequence except for one or more specific substitutions described herein. As noted
above, the synthetic polynucleotides described herein also encompass fragments of these
sequences which harbor one or more of the specific substitutions.

[0049] The ribosomal polynucleotides described herein can be single-stranded, double-
stranded, triplex, linear or circular. They can include one or more nucleotide derivatives or
analogs of the foregoing (e.g., 1,2, 3,4, 5,6, 7, 8,9, 10 or more analog or derivative

nucleotides). In some embodiments, the polynucleotide is entirely comprised of one or more
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analog or derivative nucleotides, and sometimes the polynucleotide is composed of about
50% or fewer, about 25% or fewer, about 10% or fewer or about 5% or fewer analog or
derivative nucleotide bases. One or more nucleotides in an analog or derivative nucleic acid
may include a nucleobase modification or backbone modification, such as a ribose or
phosphate modification (e.g., ribose peptide nucleic acid (PNA) or phosphothioate linkages),
as compared to a RNA or DNA nucleotide. Nucleotide analogs and derivatives are known to
the person of ordinary skill in the art, and non-limiting examples of such modifications are set
forth in U.S. Pat. Nos. 4,469,863; 5,536,821, 5,541,306; 5,637,683; 5,637,684; 5,700,922,
5,717,083; 5,719,262, 5,739,308; 5,773,601; 5,886,165; 5,929,226, 5,977,296; 6,140,482,
6,455,308; and in WIPO publications WO 00/56746 and WO 01/14398. Methods for
synthesizing nucleic acids comprising such analogs or derivatives are also described in the
art, ¢.g., in the patent publications cited above, and also in U.S. Pat. Nos. 6,455,308;
5,614,622; 5,739,314; 5,955,599; 5,962,674; 6,117,992; and WO 00/75372.

IV. Vectors for expressing pactamycin resistant 18S rRNA

[0050] The polynucleotides encoding mammalian 18S rRNA described herein can be
incorporated into an expression vector for introducing into a mammalian host cell. These
vectors are typically circular and, in addition to the 18S rRNA-encoding polypeptide, can
also contain selectable markers, an origin of replication, and other elements. For example,
the vector can contain a selection marker. The selection marker allows one to select for cells
into which the vector has been introduced and/or stably integrated. In some embodiments,
the selection marker can be a polynucleotide encoding a protein or enzyme that confers to the
cells visually identifiable characteristics. For example, as exemplified herein, the vector can
harbor a selection marker encoding Renilla luciferase reporter enzyme. Other examples
include jellyfish green fluorescent protein (GFP) and bacterial B-galactosidase. In some other
embodiments, the selection marker for identifying host cells into which the vector was
introduced and/or stably integrated can be an antibiotic resistance gene. Examples of such
markers include antibiotic resistance genes for neomycin, chloramphenicol, blasticidin,
hygromycin, and zeocin.

[0051] In addition to the sequence encoding pactamycin-resistant 18S rRNA, the vector
can also bear other rDNA sequences that may be necessary for proper rRNA transcription and
processing, as well as proper ribosome assembly and function. For example, some vectors

described herein can additionally harbor sequences corresponding to the 5’-ETS and ITS
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elements of the precursor rRNA sequence. A specific vector for expressing pactamycin-
resistant mammalian 18S rRNA is exemplified in the Examples below (e.g., Example 4).
[0052] One more component of the expression vector is an origin of replication.
Replication origins are unique DNA segments that contain multiple short repeated sequences
that are recognized by multimeric origin-binding proteins and that play a key role in
assembling DNA replication enzymes at the origin site. Suitable origins of replication for use
in the vectors described herein include, e.g., EBV oriP, SV40, E. coli oriC, colE1 plasmid
origin, ARS, and the like. Another useful element in an expression vector is a multiple
cloning site or polylinker. Synthetic DNA encoding a series of restriction endonuclease
recognition sites is inserted into a plasmid vector, for example, downstream of the promoter
element. These sites are engineered for convenient cloning of DNA into the vector at a
specific position.

[0053] The polynucleotides or vectors for expressing modified 18S rRNA herein can be
readily constructed in accordance with methodologies known in the art of molecular biology
in view of the teachings of the specification. See, e.g., Sambrook et al., Molecular Cloning:
A Laboratory Manual, Cold Spring Harbor Press (3™ ed., 2001); Brent et al., Current
Protocols in Molecular Biology, John Wiley & Sons, Inc. (ringbou ed., 2003); and Freshney,
Culture of Animal Cells: A Manual of Basic Technique, Wiley-Liss, Inc. (4™ ed., 2000).
Typically, the expression vectors are assembled by inserting into a suitable vector backbone
the polynucleotide encoding a pactamycin resistant 18S rRNA, sequences encoding selection
markers, and other optional elements described herein. To generate the vectors, the above-
described polynucleotides can be inserted into various known plasmids for transfecting
mammalian host cells. Such known plasmids include, e.g., pPRL-CMV (Promega), BPV,
EBV, vaccinia virus based vector, SV40, 2-micron circle, pcDNA3.1, pcDNA3.1/GS,
pYES2/GS, pMT, p IND, pIND(Sp1), pVgRXR (Invitrogen), and the like, or their
derivatives. These plasmids are all described and well known in the art (Botstein et al.,
Miami Wntr. SyTnp. 19:265-274, 1982; Broach, In: The Molecular Biology of the Yeast
Saccharomyces: Life Cycle and Inheritance, Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y., p. 445-470, 1981; Broach, Cell 28:203-204, 1982; Dilon et at., J. Clin.
Hematol. Oncol. 10:39-48, 1980; and Maniatis, In: Cell Biology: A Comprehensive Treatise,
Vol. 3, Gene Sequence Expression, Academic Press, NY, pp. 563-608, 1980.

V. Host cells expressing pactamycin resistant 18S rRNA
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[0054] Provided are engineered mammalian cells which express pactamycin resistant 18S
rRNA. Using the polynucleotide molecules or expression vectors described above, various
mammalian cells can be employed for introducing an expression vector as described herein or
by stably integrating the rDNA described herein into the host genome. The polynucleotides
encoding pactamycin-resistant 18S rRNA or expression vectors described above can be
introduced into an appropriate host cell (e.g., a mammalian cell such as mouse N2a cell or
CHO cell) by any means known in the art. The cells can transiently or stably express the
pactamycin resistant 18S rRNA.

[0055] Preferably, host cells for expressing the mammalian 18S rRNA as described
herein are eukaryotic cells, e.g., mammalian cells. Eukaryotic vector/host systems, and
preferably mammalian expression systems, allow for proper post-translational modifications
of expressed mammalian proteins to occur, €.g., proper processing of the primary transcript,
glycosylation, phosphorylation and advantageously secretion of expressed product.
Therefore, eukaryotic cells such as mammalian cells are the preferred host cells for
introducing the polynucleotides or expression vectors described above. One specific example
is mouse Neuro 2a (N2a) cell as detailed in the Examples below. Other suitable cells include
both animal cells (such as cells from insect, rodent, cow, goat, rabbit, sheep, non-human
primate, human, and the like) and plant cells (such as rice, corn, cotton, tobacco, tomato,
potato, and the like). Other specific examples of such host cell lines include CHO, BHK,
HEK293, VERO, HeLa, COS, MDCK, and W138.

[0056] Other than mammalian cells, the host cell for expressing synthetic 18S rRNA as
described herein may also be a yeast cell or a plant cell. Yeast or plant cells suitable for
stable integration and expression of a transgene may be employed in these applications via
introducing the 18S rRNA-encoding polynucleotide into the host via a yeast or plant
expression vector. Examples of suitable insect cells include cells from Drosophila larva.
When insect cells are used, the polynucleotide can be introduced into the cells via appropriate
expression vectors. For example, baculovirus vectors can be employed as described in the art
(Jasny, Science 238:1653, 1987; and Miller et al., In: Genetic Engineering (1986), Setlow, J.
K., etal, eds., Plenum, Vol. 8, pp. 277-297). When insect cells are employed as hosts, the
Drosophila-alcohol dehydrogenase promoter may optionally be used in the expression vector
for introducing the polynucleotide (Rubin, Science 240:1453-1459, 1988).

[0057] Any convenient protocol may be employed for in vitro or in vivo introduction of
the vector expressing a pactamycin resistant 18S rRNA into the host cell, depending on the

location of the host cell. In some embodiments, the expression vector is transiently
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transfected into a host cell (e.g., a cultured cell line such as N2a), as exemplified in the
Examples below. This can be accomplished with routinely practiced methods, ¢.g., by
following the protocols exemplified herein. In some other embodiments, the expression
vector may be stably integrated into the host genome. Typically, after appropriate restriction
enzyme digestion to generate free ends of homology to the host chromosome, the
polynucleotide can then be transfected into host cells. The expression vectors can be
introduced into the host cell by standard protocols routinely practiced in the art. For
example, the vector can be transfected into the host cell by calcium phosphate co-
precipitation, by conventional mechanical procedures such as microinjection or
electroporation, by insertion of a plasmid encased in liposomes, and by virus vectors. These
techniques are all well-known and routinely practiced in the art, e.g., Freshney, supra;
Sambrook et al., supra; and Brent et al., supra). Host cells which harbor the transfected
recombinant expression vector can be identified and isolated using the selection marker
present on the vector. Large numbers of recipient cells may then be grown in a medium
which selects for vector-containing cells.

[0058] In some embodiments, where the host cell is an isolated cell, the expression vector
may be introduced directly into the cell under cell culture conditions permissive of viability
of the host cell, ¢.g., by using standard transformation techniques. Such techniques include,
but are not necessarily limited to: viral infection, transfection, conjugation, protoplast fusion,
electroporation, particle gun technology, calcium phosphate precipitation, direct
microinjection, viral vector delivery, and the like. The choice of method is generally
dependent on the type of cell being transformed and the circumstances under which the
transformation is taking place (i.e. in vitro, ex vivo, or in vivo). A general discussion of these
methods can be found in, ¢.g., Brent et al, supra.

[0059] Alternatively, where the host cell or cells are part of a multicellular organism, the
targeting vector may be administered to the organism or host in a manner such that the
targeting vector is able to enter the host cell(s), e.g., via an in vivo or ex vivo protocol. By “in
vivo,” it is meant in the target construct is administered to a living body of an animal. By “ex
vivo” it is meant that cells or organs are modified outside of the body. Such cells or organs
are typically returned to a living body. Methods for the administration of nucleic acid
constructs are well known in the art. For example, nucleic acid constructs can be delivered
with cationic lipids (Goddard, et al, Gene Therapy, 4:1231-1236, 1997; Gorman et al., Gene
Therapy 4:983-992, 1997; Chadwick et al., Gene Therapy 4:937-942, 1997; Gokhale et al.,
Gene Therapy 4:1289-1299, 1997; Gao and Huang, Gene Therapy 2:710-722, 1995), using
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viral vectors (Monahan et al., Gene Therapy 4:40-49, 1997; Onodera et al., Blood 91:30-36,
1998), by uptake of "naked DNA", and the like. Techniques well known in the art for the
transfection of cells (see discussion above) can be used for the ex vivo administration of
nucleic acid constructs. The exact formulation, route of administration and dosage can be
chosen empirically. See e.g. Fingl et al., 1975, in The Pharmacological Basis of
Therapeutics, Ch. 1 p 1).

VI Evolving rRNA for enhanced translation efficiency or altered ribosome function

[0060] The polynucleotides encoding the synthetic mammalian 18S rRNA or related
expression vector described herein are useful for identifying mutations (e.g., in 18s rDNA
sequence) that cause improved or altered ribosomal functions and translation activities. The
18S rRNA expression system described herein can also be used for functional analysis of
natural variations in 18S rRNA. They are also suitable for evolving rRNA sequences to
produce ribosomes with improved properties, ¢.g., enhanced translation efficiency. For
example, to increase expression of a specific polypeptide of interest, specific mutations can
be introduced in 18S rRNA for enhanced base pairing interactions between rRNA and mRNA
encoding the polypeptide of interest. By shutting down endogenous 18S rRNA function, the
pactamycin-resistant 18S rRNA expression system described herein allows one to screen and
select for mutations in 18S rRNA that would increase expression of a protein of interest.
Similarly, rRNA sequences especially 18S rRNA can be evolved and selected for modified
sequences which lead to ribosomes with altered assembly or enhanced translation activities
not limited to any specific mRNA (e.g., interactions with tRNA).

[0061] Accordingly, provided are methods for studying functional consequences of
mutations or natural variations in 18S RNA sequence. In some embodiments, effect of
natural variations in an 18S rRNA sequence is examined via the use of the expression system
described herein. Typically, a polynucleotide sequence bearing natural variations (e.g.,
mouse or human variant 18S rRNA sequence described herein) is modified to introduce
pactamycin resistance as disclosed herein, e.g., introducing a substitution corresponding to
G963A in SEQ ID NO:23. The modified polynucleotide present in an expression vector is
then introduced into a host cell for functional analysis of rRNA processing and ribosome
function in the presence of pactamycin. Any difference in the examined activities relative to
that of a wildtype or reference 18S rRNA sequence (e.g., SEQ ID NO:23) would indicate a
structure-function relationship between the sequence variation and the observed alteration in

rRNA processing and/or ribosome activities.
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[0062] In some other embodiments, the 18S rRNA expression system is employed to
screen for mutations in the 18S rRNA sequence that cause altered ribosome functions and/or
translation activities. In these embodiments, a polynucleotide sequence encoding a
pactamycin-resistant mammalian 18S rRNA sequence or fragment thereof is further modified
to generate candidate 18S rDNA sequences via random or site-specific mutagenesis. Upon
introducing into a host cell, the candidate or variant 18S rDNA sequences are then subject to
screening and selection to identify mutations that confer enhanced translation efficiency or
altered ribosomal functions. The mutagenesis and subsequent selection can be performed
using standard molecular biological techniques described herein.

[0063] Still some other embodiments described herein are directed to evolving an 18S
rRNA sequence for enhanced expression of a specific polypeptide of interest. In these
embodiments, random or site-specific mutations are introduced into the polynucleotide
sequence encoding the pactamycin-resistant 18S rRNA provided that the mutations do not
affect the pactamycin resistance activity of the encoded 18S rRNA. Random mutations of the
rRNA-encoding sequence may be generated using methods well known in the art. For
example, DNA shuffling as described in Stemmer, (Nature 370:389-391, 1994) can be readily
employed to introduce random mutagenesis in the rDNA sequence. Alternatively, error
prone amplification may be used to introduce random mutations, ¢.g., as described in Bartell
and Szostak, Science 261:1411, 1993. Additional techniques for generating random
mutations can also be used. For example, the 18S rRNA encoding sequence may also be
mutated by cassette mutagenesis (Hutchison et al., Methods Enzymol. 202:356-390, 1991),
recursive ensemble mutagenesis (Arkin et al., Proc. Natl. Acad. Sci. USA 89:7811-7815,
1992), exponential ensemble mutagenesis (Delegrave et al., Biotechnol. Res. 11:1548-1552,
1993), and sexual PCR mutagenesis (Stemmer et al., Proc. Natl. Acad. Sci. USA 91:10747-
10751, 1994).

[0064] Other than random mutagenesis, candidate 18S rDNA sequence variants to be
selected and screened for enhanced translation activities or altered ribosome functions can
also be generated via targeted or site-specific mutagenesis. Site-directed mutagenesis in the
18S rDNA sequence can be performed with methods well known in the art, e.g., Arnold Curr.
Opinion Biotechnol 4:450-455, 1993. In some embodiments, the 18S rDNA sequence
variants are created using oligonucleotide directed mutagenesis to generate site-specific
mutations. Oligonucleotide mutagenesis is described, ¢.g., in Reidhaar-Olson, Science
241:53-57, 1988. Briefly, a plurality of double stranded oligonucleotides bearing one or

more mutations to be introduced into the cloned DNA are synthesized and inserted into the

22



WO 2013/177191 PCT/US2013/042061

cloned DNA to be mutagenized. Clones containing the mutagenized DNA are recovered and
the activities of the rRNAS they encode are then assessed. Another method for generating
variant 18S rDNA sequences is via assembly PCR. Assembly PCR involves the assembly of
a PCR product from a mixture of small DNA fragments. A large number of different PCR
reactions occur in parallel in the same vial, with the products of one reaction priming the
products of another reaction. Assembly PCR is described in, e.g., U.S. Pat. No. 5,965,408.
[0065] For screening and selection for mutations with desired phenotypes, the variant 18S
rDNA sequences which encode the pactamycin-resistant 18S rRNA and further bear a site-
specific mutation or random mutations are then introduced into a host cell via an expression
vector described herein. This is followed by culturing the cells in the presence of pactamycin
and assessing expression level of a polypeptide of interest or other translation activity of the
assembled ribosomes. For identifying modified 18S rRNA for enhanced expression of a
specific polypeptide, expression level of that specific polypeptide in the cells is examined and
compared to expression level of the same polypeptide in control cells which express the
pactamycin-resistant 18S rRNA but do not contain other mutations in the 18S rRNA. A
mutation in the 18 S rRNA which leads to enhanced translation level of the polypeptide of
interest relative to that without the mutation indicates that the host cell has produced
ribosomes with enhanced expression of the polypeptide of interest. As detailed below, the
methods described herein are suitable for enhancing expression levels of various polypeptides
or proteins of interest. The polypeptides of interest can be either endogenous or exogenous to
the host cell.

[0066] Other than selecting for modified 18S rRNA sequence which confers enhanced
expression level of a polypeptide of interest, the 18S rRNA expression system described
herein can also be used to produce ribosomes with other altered functions. In these
embodiments, the polynucleotides which encode the pactamycin-resistant 18S rRNA and
further bear a site-specific mutation or random mutations described above can be examined in
a host cell for any altered ribosomal activities arising from the mutations. The ribosomal
activities that can be monitored include, e.g., ribosome assembly, interactions with tRNA
and/or mRNA, translation initiation, and elongation and termination. The various ribosome
functions can be monitored with techniques or assays that are routinely practiced in the art.
For example, rRNA maturation and ribosome assembly for mammalian cells can be
examined with the techniques described in, ¢.g., Pestov et al., Curr. Protoc. Cell Biol. 2008,
Chapter 22:Unit 22.11; Champney, Methods Mol. Med. 142:63-73, 2008; and Klostermeier et
al., Nucleic Acids Res. 32:2707-15, 2004. Ribosome binding to mRNA can be studied with
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assays that are similar to that described in, e.g., Day et al., J. Bacteriol. 186:6864-6875, 2004.
Ribosome binding to ER membrane during protein translocation may be monitored with
assays described in, e.g., Prinz et al., EMBO J. 19:1900-1906, 2000; and Kalies et al., J. Cell
Biol. 126:925-934, 1994. Binding of aminoacyl-tRNA to ribosome can be examined in
accordance with standard binding assays well known in the art, e.g., Agafonov et al., EMBO
Rep. 2:399-402, 2001; Ashraf et al., RNA. 5:188-194, 1999, and Lill et al., Methods
Enzymol. 164:597-611, 1988. Potential effect of an 18S rRNA mutation on other aspects of
protein synthesis (e.g., translation initiation, elongation, termination and peptide release) can
also be monitored with routinely practiced assays. See, ¢.g., Burakovsky et al., RNA.
16:1848-53, 2010; Sternberg et al., Nat. Struct. Mol. Biol. 16:861-8, 2009; Van Dyke et al.,
Nucleic Acids Res. 37:6116-25, 2009; Sunohara et al., J. Biol Chem. 279:15368-75, 2004,
Khan et al., Biochim. Biophys. Acta. 1779:622-7, 2008; Anderson et al., J. Biol. Chem.
282:14752-60, 2007; Merill et al., J. Virol. 80:6936-42, 2006, Brunelle et al., RNA. 14:1526-
31, 2008; Rawat et al., J. Mol. Biol. 357:1144-53, 2006; and Gong et al., J Bacteriol.
189:3147-55, 2007.

VII. Polypeptides or proteins of interest for enhanced translation

[0067] The expression vectors and host cells expressing pactamycin-resistant 18S rRNA
are uscful for enhancing expression levels of important polypeptides or proteins of interest.
The proteins of interest can be any polypeptides with medical or industrial applications. In
some embodiments, the polypeptide or protein of interest is one that encodes a therapeutic
protein. Examples of therapeutic proteins include factor VIII, factor IX, B-globin, low-
density lipoprotein receptor, adenosine deaminase, purine nucleoside phosphorylase,
sphingomyelinase, glucocerebrosidase, cystic fibrosis transmembrane conductance regulator,
a-antitrypsin, CD-18, ornithine transcarbamylase, argininosuccinate synthetase,
phenylalanine hydroxylase, branched-chain a-ketoacid dehydrogenase, fumarylacetoacetate
hydrolase, glucose 6-phosphatase, a-L-fucosidase, B-glucuronidase, a-L-iduronidase,
galactose 1-phosphate uridyltransferase, interleukins, cytokines, small peptides, and the like.
Other therapeutic proteins that can be expressed from an intergrated target polynucleotide in
the engineered host cell as described herein include, e.g., Herceptin®, polypeptide antigens
from various pathogens such as disease causing bacteria or viruses (e.g., E. coli, P.
aeruginosa, S. aurcus, malaria, HIV, rabies virus, HBV, and cytomegalovirus), and other

proteins such as lactoferrin, thioredoxin and beta-caseinvaccines.
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[0068] Additional examples of proteins of interest include, but are not necessarily limited
to insulin, erythropoietin, tissue plasminogen activator (tPA), urokinase, streptokinase,
neutropoesis stimulating protein (also known as filgastim or granulocyte colony stimulating
factor (G-CSF)), thrombopoietin (TPO), growth hormone, emoglobin, insulinotropin,
imiglucerase, sarbramostim, endothelian, soluble CD4, and antibodies and/or antigen-binding
fragments (e.g, FAbs) thereof (e.g., orthoclone OKT-¢ (anti-CD3), GPIIb/Ila monoclonal
antibody), liary neurite transforming factor (CNTF), granulocyte macrophage colony
stimulating factor (GM-CSF), brain-derived neurite factor (BDNF), parathyroid
hormone(PTH)-like hormone, insulinotrophic hormone, insulin-like growth factor-1 (IGF-1),
platelet-derived growth factor (PDGF), epidermal growth factor (EGF), acidic fibroblast
growth factor, basic fibroblast growth factor, transforming growth factor 3, neurite growth
factor (NGF), interferons (IFN) (e.g., IFN-a2b, IFN-02a, IFN-aN1, IFN-B1b, IFN-y),
interleukins (e.g, IL-1, IL-2, IL-8), tumor necrosis factor (TNF) (e.g, TNF-a, TNF-B),
transforming growth factor-a and -, catalase, calcitonin, arginase, phenylalanine ammonia
lyase, L-asparaginase, pepsin, uricase, trypsin, chymotrypsin, elastase, carboxypeptidase,
lactase, sucrase, intrinsic factor, vasoactive intestinal peptide (VIP), calcitonin, Ob gene
product, cholecystokinin (CCK), serotonin, and glucagon.

[0069] Suitable polypeptides of interest also include specific membrane proteins or other
intracellular proteins. Examples of membrane proteins include, but are not necessarily
limited to adrenergic receptors, serotonin receptors, low-density lipoprotein receptor, CD-18,
sarcoglycans (which are deficient in muscular dystrophy), etc. Useful intracellular proteins
include proteins that are primarily located within the intracellular compartment or which
exhibit a desired biological activity within a cell. Such intracellular proteins can include
fumarylacetoacetate hydrolase (FAH) which is deficient in subjects with hereditary
tyrosinemia Type 1. Other specific examples of intracellular proteins include antiviral
proteins (e.g., proteins that can provide for inhibition of viral replication or selective killing
of infected cells), structural protein such as collagens, i.c. the type VII collagen COL7A1
gene, defective in Recessive Dystrophic Epidermolysis Bullosa (RDEB) and dystrophin,

defective in muscular dystrophy.
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EXAMPLES
[0070] The following examples are provided for further illustration, but not to limit the
scope. Other variants will be readily apparent to one of ordinary skill in the art and are

encompassed by the appended claims.

Example 1  Identification of an abundant 18S rRNA variant

[0071] Mammalian cells contain several hundred rDNA genes that are not identical.
These sequence variants provide a source of ribosomal heterogeneity and may have
functional consequences. Several sequences were cloned from mouse N2a genomic DNA.
rDNA fragments were PCR-amplified using primers tDNA.1 and rDNA.2 (Table 1), located
~700 nucleotides upstream and 70 nucleotides downstream of the 18S rDNA, respectively.
Six independent clones were sequenced and found to be >99% identical to each other.
However, none of these sequences are completely identical to each other or to two different
18S rDNA sequences in the NCBI nucleotide database (X82564, NR 003278, X00686;
sequences X82564 and NR 003278 contain identical 18S sequences). In addition to several
unique variations that differ from the published sequences, the sequences identified in this
study share a nucleotide difference in helix H41a and two single nucleotide insertions, one in

expansion segment 3 and the other in helix H30.

Table 1 Oligonucleotide primer and probe sequences.

Oligo name Sequence (SEQ ID NO:)

tDNA.1 5-GACGTTGCGCCTCGCTGCTG-3' (1)

tDNA.2 5-CGCCTCCCGGCGAGGACACA-3'(2)

rDNA.3 5'-NNNAGATCTGGGTCGACCAGTTGTTCC-3' (3)

rDNA.4 5-CAAGTAGGAGAGGAGCGAGC-3' (4)

rDNA.5 5-GGTGTCTTGCGCGGTCTTGG-3' (5)

tDNA.6 5-CGCTGAGAAGACGGTCGAAC-3'(6)

tDNA.7 5-GATCGATGCGGCCGCGTATCGGTATTTCGGGTGTG-3" (7)
rDNA.8 5-CAAGCTTCTGCAGG-3' (8)

tDNA.9 5-CTAGCCTGCAGAAGCTTGAGCT-3' (9)

tDNA.10 5-TAATACGACTCACTATAGGGTACCTGGTTGATCCTGCCAGTAGC-3'(10)
rDNA.11 5"TAATGATCCTTCCGCAGGTTCACC-3' (11)

tDNA.12 5'-NNNGCTAGCGTACTGACACGCTGTCCTTTCCC-3' (12)

24-nt hybridization tag ~ 5-AGGCCCATCTCTGCTAGGAGAGCT-3'(13)
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o-tag probe 5-CTCCTAGCAGAGATGGGCCTAGCT-3' (14)

a-5' ETS probe 5'-GAGAGCGCGAGAGAGGAG-3' (15)

0-ITS1 probe 5-ACACACAAGACGGGGAGA-3'(16)

0-18S rRNA probe 5'-GCCCCGCGGGACACTCA-3' (17)

693RT 5-GTCTTGCGCCGGTCCAAGAA-3' (18)

Pol-I.1 5'-NNNAGATCTGGGTCGACCAGTTGTTCC-3' (19)

Pol-1.2 5'NNNGCTAGCTACCTATCTCCAGGTCCAATAGG-3' (20)
Pol-1.3 5-NNNGCGGCCGCGTGGGATCCCCATCCTCG-3' (21)
Pol-1.4 5'"“NNNCAATTGCGACCACCAGACTTTCTGAC-3' (22)

[0072] For the expression system, an 18S rDNA gene sequence that contains the most
common sequence variants at each nucleotide position was used to provide a reference for
future studies of rRNA sequences that contain less common sequence variants. To assess
how the cloned sequences compare to the population of 18S rDNA sequences, they were
compared to sequences obtained using pooled genomic PCR products as templates. Barring
significant bias in the PCR reactions, the sequences of the pooled genomic sequences should
represent the major genomic variants at each nucleotide. Two independent PCR reactions
(PCR1 and PCR2) were performed and the products sequenced directly. Comparison of the
pooled genomic sequence to those of the clones isolated in this study revealed that one of the
clones contains the same sequence as the pooled genomic sequence. This clone (accession
No. JQ247698; SEQ ID NO. 23) was sclected for subsequent experiments. It is 1,871
nucleotides long and contains the 3 shared mutations discussed above, but no other variations

from published sequence X00686.1 (SEQ ID NO: 34).

Example2  Development of an 18S rRNA expression construct

[0073] An 18S rRNA expression system was developed in order to study the role of this
RNA in the biogenesis of 40S ribosomal subunits, and in the process of translation initiation.
It was expected that mouse rDNA genomic fragments may need the A', Ay, 1, and 2 sites for
proper processing (Figure 1b). The 18S rDNA clone identified above was used to generate
expression constructs containing the 5' ETS, 18S rDNA, and ITS1, which include all of these
sites (Figure 2a). Constructs were generated using the pol-I promoter and 3' ETS, or the
cytomegalovirus (CMV) promoter and an SV40 poly(A) signal. Also tested were constructs
with deletions at the 5' end of the 5' ETS and the 3' end of ITS1, i.e. with less authentic spacer
sequence flanking the processed (mature) ends of the 18S rRNA. These various constructs

were transfected into N2a cells and expression of synthetic 18S rRNAs was determined by
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Northern blotting with an oligonucleotide probe to a 24 nt hybridization tag that was cloned
into expansion segment 3 of the 18S rDNA. The results revealed that only constructs with
the full-length 5' ETS, containing sites A' and A, yielded a band corresponding to properly
processed 18S rRNA (p18S.1 and 18S.2 (Pol-1 and CMV); Figure 2b) confirmed by size
comparison to an in vitro 18S RNA transcript. By contrast, ITS1, which contains 3'
processing sites 2b and 2¢, does not appear to be required, as construct p18S.2(Pol-1 and
CMYV) generates a band corresponding to mature 18S rRNA even though the majority of
ITS1 is deleted in this construct.

[0074] Expression of mature 18S rRNA was observed to occur with both pol-I and CMV
promoters; however, the levels were much higher when transcription was mediated by pol-I
(Figure 2b). The results indicate that the processing sites in the 5' ETS are sufficient for
processing of 18S rRNA, and that processing does not require transcription to occur from
RNA polymerase 1. Due to the low yield observed with pol-II transcription of 18S rRNA, the
pol-I vector was used exclusively for all subsequent experiments.

[0075] Correct processing of the synthetic 18S rRNA precursor transcripts from
constructs p18S.1 and p18S.2 was shown by probing blots with the a-tag probe to identify
these 18S rRNAs. The same blots were re-probed with a low specific activity oligonucleotide
probe (a-18S) that recognizes both synthetic and endogenous 18S rRNAs (Figure 7a,b,c).
The results show that the mature synthetic and endogenous 18S bands are superimposable.
To demonstrate removal of spacer regions from processed RNAs, Northern blots were
performed with probes complementary to sequences in the 5' ETS (a-5' ETS) and ITS1 (a-
ITS1), located immediately 5' and 3' of sites 1 and 2, respectively (Figure 7d,¢). Both blots
showed no detectable hybridization with the mature tagged transcript, but hybridized to the
longer low abundance precursor transcripts, results consistent with the removal of spacer
regions from the mature 18S rRNA. For constructs with deletions in the spacer regions, sizes
of the unprocessed and partially processed transcripts are consistent with those expected
when compared to pre-rRNA species.

[0076] To monitor the relative levels of the synthetic 18S rRNA following transfection,
time course experiments were performed. For these experiments the full-length pol-I
construct (p18S.1) that yielded processed 18S rRNA was transfected into cells, and 18S
rRNA expression was monitored by harvesting cells at various time points up to 72h post-
transfection and then probing for the hybridization tag (Figure 2c). For this construct,

maximal expression of the synthetic 18S rRNA, as a percentage of total 18S rRNA, was
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observed 36-48 hours post transfection. All subsequent experiments were performed 48
hours post-transfection unless otherwise noted.

[0077] To determine whether the processed synthetic 18S rRNAs are associated with
ribosomes, Northern blot analyses were performed of whole cell lysates and of pellet and
supernatant fractions of lysates of cells transfected with p18S.1 prepared by centrifugation at
100,000 x g (Figure 8a,b). As seen earlier, both unprocessed and processed synthetic 18S
rRNAs were present in total RNA prepared from whole cell lysates (Figure 8a,b; right
images). However, in the fractionated material, only processed rRNA was seen in the P100
pellet, which contains sedimented ribosomes. Processed RNA was not seen in the
supernatant fraction, which contains less dense cytoplasmic material. These fractionated
RNA samples were also compared to synthetic in vitro transcribed rRNAs by probing with
both a-tag and a-18S probes for determination of relative abundance. Synthetic 18S rRNA in
cells 48 hours post-transfection was estimated to be ~10-15% of total 18S rRNA.
Fractionation of lysates from cells transfected with p18S.2(pol-I) yielded similar results
(Figure 8c¢), suggesting that synthetic 18S rRNAs lacking ITS1 are incorporated into
ribosomal subunits. Taken together, these experiments indicate that the synthetic 18S rRNAs
derived from p18S.1 and p18S.2 were correctly processed and incorporated into 40S

subunits. They also show that ITS1 is dispensable for formation of mature 18S rRNA.

Example 3 Analysis of 5' ETS sequences

[0078] The 5' region of the 5' ETS containing the A' and A processing sites appears to be
required for processing of 18S rRNA (Figure 1b); however, little is known about the
importance of sequences located 3' of these sites in mammalian rDNA genes. The length of
these 3' sequences in mammalian genes differentiates them from other eukaryotic rDNA
genes, which are substantially shorter. To investigate the potential contribution of these
additional sequences in mammals, several internal deletions were generated, including
deletions to remove the A' and Ay sites, individually and in combination (Figure 3a).

[0079] Northern blots of RNA extracted from cells transfected with the internal deletion
constructs were hybridized using an oligonucleotide probe to the hybridization tag. The
results confirmed that deletions that remove the A' or A cleavage sites block processing
(p18S.9, .10, and .11; Figure 3b); however, deletion of the expanded 3' region of the 5' ETS
had little to no effect on the maturation of 18S rRNA (p18S.7). This result suggests that this
region lacks important cleavage sites and other points of interaction with rRNA processing

factors.

29



WO 2013/177191 PCT/US2013/042061

[0080] Cleavage at A', Ay, and site 1 requires the U3 snoRNA and in mouse, putative
binding sites for the U3 snoRNA have been postulated based on complementary sequence
matches to two regions in the snoRNA, termed the 3' and 5' hinge regions. Based on these
predictions and observations, deletions in p18S.9, .10 and .11 removed several potential
binding sites for the U3 snoRNA 3' hinge at nucleotides 667-673, 1032-1038 and 1117-1123,
while deletions in p18S.8, p18S.9 and p18S.10 removed a potential binding site for the 5'
hinge at nucleotides 1552-1560. In all of these constructs, the deletions blocked processing.
The deletion in p18S.8 removes a 9-nt putative binding site for the 5' hinge of the U3
snoRNA, but still contains both the A' and A, cleavage sites. To specifically test the
requirement of this putative binding site for processing, the 9-nt sequence in the 5' ETS in
constructs p18S.8A and p18S.8m, respectively (Figure 3¢) were deleted or mutated. Northern
blot analysis of RNA from cells transfected with these constructs shows that disruption of the
9-nt sequence in both constructs almost completely abolished processing. This result
supports that this 9-nt sequence binds to the U3 snoRNA 5' hinge region.

[0081] As A' cleavage is dependent on U3 snoRNA, it is notable that removal of the
putative 5' hinge region in constructs p18S.8 and p18S.9 results in multiple immature rRNA
bands, indicating incomplete cleavage at A' (Figure 3b). It appears that some A' cleavage can
still occur without sequences complementary to the U3 snoRNA 5' hinge. In contrast,
p18S.11, which lacks the A' site and a potential 3' hinge binding site, and p18S.10, which
lacks binding sites for both hinge regions, yields an uncleaved primary transcript, indicating
no discernible cleavage at Ay in the absence of A', the 3' hinge region, or a combination of

these sites.

Example 4  Identification of pactamycin resistance mutations and verification of subunit
function

[0082] The ability to selectively monitor translation from subunits containing synthetic
18S rRNAs in vivo requires being able to shut down endogenous subunits in order to
differentiate between the activities of modified and endogenous ribosomal subunits (Figure
la). This approach is necessary, as quantification of Northern blots of the types shown in
Figure 9 suggested that ribosomal subunits containing synthetic rRNA only represent a small
portion (up to ~10-15%) of total cellular 40S ribosomal subunits =48 hours post transfection.
[0083] There were no reports of functionally tested examples of nucleotide changes
conferring antibiotic resistance in higher eukaryotes. Pactamycin affects translation by

binding to rRNA in the E-site of the small subunit and disrupting the positioning of mRNA at
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this site. The result of pactamycin-binding is a block in elongation and the accumulation of
di-peptides resulting from aborted initiation events. Analyzed were the effects of mutations
in mouse 18S rRNA at four residues, G963, A964, C1065 and C1066 in SEQ ID NO:23.
These residues correspond, respectively, to positions 693, 694, 795 and 796 at the E-site of E.
coli 16S rRNA which were identified from crystal structures. Unless otherwise noted, the
numbering of these sites in mammalian 18S rRNA sequences is based on that in E. coli 16S
rRNA. Mutations were introduced into a construct expressing the untagged mouse 18S
rRNA and containing the full-length 5' ETS and ITS1 spacer regions (p18S.1(Pol-1)).
Pactamycin resistance was assessed by 355-Met/Cys pulse labeling of transfected cells in the
presence of 100 ng/ml antibiotic. At each nucleotide position thought to interact with
pactamycin, purine-purine (G693A, A694G) and pyrimidine-pyrimidine (C795U, C796U)
transition mutations were generated. Cell lysates were compared from untransfected cells,
cells expressing synthetic 18S rRNA, and synthetic mutated 18S rRNAs (Figure 4a) by SDS-
PAGE. Mutated ribosomes were also analyzed for their ability to translate a luciferase
mRNA in cells transfected with a luciferase reporter plasmid (pGL4.13), and cultured in the
presence of 100 ng/ml pactamycin (Figure 4b). The results of both sets of experiments show
that all four mutations confer some degree of pactamycin resistance. The G693A and A694G
mutations showed the highest levels of resistance, while the C795U and C796U mutations
gave results that were only slightly above background. The labeling results (Figure 4a)
suggest that none of the mutations significantly altered the protein banding pattern compared
to wild-type ribosomes.

[0084] The G693 A mutation, which conferred the highest level of pactamycin resistance,
was used exclusively for further experiments. The levels of synthetic 18S rRNA for
constructs with each mutation were monitored using the hybridization tag and found no
substantial differences that could account for the difference in translation between G693 A
and the other mutations (Figure 4c). To further characterize the G693 A mutation, cells
expressing wild type or mutated ribosomes were cultured with increasing concentrations of
pactamycin. The results showed that translation from wild type 40S subunits was
substantially blocked by 100 ng/ml pactamycin, but could be further blocked at higher
concentrations. By contrast, translation from the mutated subunits appeared to be unaffected
even at the highest concentration tested of 6,400 ng/ml (Figure 4d).

[0085] Additional evidence of subunit function was obtained from sucrose density
analysis of the distribution of ribosomes containing the G693 A mutation. In these

experiments, the distribution of ribosomal subunits containing wild type (endogenous) and
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synthetic (G693A) 18S rRNAs were compared by using an oligonucleotide primer (693RT)
to hybridize downstream of the G693 A mutation and ddCTP as a terminator (Figure 5a).
Under these reaction conditions, the mutated 18S rRNA generates a primer extension product
that is two nucleotides larger than that generated from the endogenous rRNA. This primer
extension reaction enables analysis of the presence and abundance of these rRNAs within the
same sample. For these experiments, lysates were prepared from N2a cells transfected with
the G693 A construct and treated with either cycloheximide or EDTA. Lysates were then
fractionated on sucrose density gradients (Figure 5b,c), and the resulting fractions analyzed
by primer extension (Figure 5d,e). Analysis of the distribution of primer extension products
through the cycloheximide profile (Figure 5b,d) showed the mutated rRNA has a relative
distribution similar to that of the endogenous 18S rRNA through the polysomes.
Quantification of WT and G693 A primer extension products and comparison of their relative
ratios shows a relatively equal distribution through the gradient (Figure 5d inset), suggesting
that ribosomal subunits containing synthetic 18S rRNA are functionally similar to those of
endogenous subunits. Likewise, an EDTA-treated lysate confirms the presence of the
mutated 18S rRNA in 40S subunits through its co-localization with the 40S peak (Figure
5¢,e).

Example 5  Function of 40S subunits from rRNA precursors with spacer region deletions
[0086] Several deletion constructs were identified which appear to yield properly
processed, mature 18S rRNAs based on size (Figures 2 and 3). However, cleavage at the
correct sites may not be sufficient to ensure that these rRNAs fold properly and incorporate
into functional subunits because interactions between spacer regions and 18S rRNA may be
necessary for correct folding. To determine whether rRNAs with deletions in the 5' ETS and
ITS1 can adopt functional conformations in the context of 40S ribosomal subunits, the
G693 A mutation was introduced into constructs p18S.7 and .2, respectively, and tested them
in cells co-transfected with either a monocistronic luciferase reporter construct (Figure 6a), or
a dicistronic dual luciferase vector (Figure 6b), as described in Methods. Expression in each
case was measured in the presence of pactamycin to inhibit translation from endogenous 40S
subunits. It was expected that structural alterations resulting from erroneous ribosome
formation or folding in the deletion constructs might differentially affect translation of these
mRNAs, which represent cap-dependent translation and two classes of IRES-dependent

translation that each requires various initiation factors for translation competence.
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[0087] For the monocistronic construct, no significant differences were observed between
ribosomes, suggesting that the deletions in the spacer sequences did not disrupt assembly or
affect the ability of the subunits to recruit the translation factors associated with cap
dependent translation (Figure 6a). For the dicistronic constructs, expression of the second
cistron was measured, facilitated by either the EMCV or PV IRES in the intercistronic region,
relative to a control sequence with no known IRES activity. The results showed that the ratio
of expression of the two cistrons (hRen/luc2; Figure 6b) was similar between the control and
the spacer deletion rRNA constructs, suggesting that the ribosomal subunits in each case are
indistinguishable from wild type in their abilities to translate mRNAs via these IRESes.
These results further support the conclusion that ribosomal subunits derived from the
shortened rRNA transcripts are active, and do not appear to require the sequences that were

deleted from the 5' ETS and ITS1.

Example 6  Effects of 5' ETS and ITS1 on overall efficiency of subunit formation

[0088] Although deletions in the 5' ETS and ITS1 did not appear to affect the translation
competence of 40S subunits, it was unclear if these flanking sequences might affect the
efficiency of production of ribosomal subunits. Transfection conditions for the studies were
optimized to maximize ribosomal subunit production, potentially masking differences in
relative subunit abundance from each construct. Therefore experiments were performed to
reduce expression of synthetic rRNA per cell by transfecting cells with diluted plasmid
constructs. These experiments were performed using standard transfection conditions with
the same amount of total plasmid per transfection; however, the amounts of the p18S rRNA
expression plasmids (1 pg, 0.1 ug, and 0.01 pg) were varied by using another plasmid (pBS
KS) as filler.

[0089] The three expression constructs tested in this experiment contain the full-length 5'
ETS and ITS1 sequences (p18S.1)), a deletion in the 5' ETS (p18S.7), and a deletion in ITS1
(p18S.2). All three constructs contain the hybridization tag for detection of mature 18S
rRNA. Cells transfected with the various plasmids at different dilutions showed no
substantial differences when compared via Northern blot (Figure 9). Taken together, the
results indicate that deletion of the flanking spacer regions does not affect translation from or
assembly of mature subunits. However, this study does not rule out the possibility that the
flanking regions may have more subtle effects. The results also show that a logarithmic
dilution of the p18S.1 vector with filler plasmid does not produce a logarithmic decrease in

the levels of mature 40S subunits, indicating that the standard conditions used in the
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experiments (1.0 pug plasmid) are saturating the cell's ability to express 40S ribosomal

subunits.

Example 7  Materials and methods

[0090] rDNA cloning and mutagenesis: 18S rDNA and flanking regions were amplified
by PCR using genomic DNA prepared from mouse N2a cells and oligonucleotide primers
rDNA.1 and rtDNA.2 (Table 1). Cloning into plasmid pRL-CMV (Promega) used Nhel and
Notl restriction sites that were introduced at the 5' ends of rDNA.1 and rDNA. .2, respectively.
All sequencing of PCR products and plasmid constructs was performed using standard
Sanger sequencing. To detect synthetic 18S rRNAs, a 24 nt sequence was cloned into the
18S rDNA as a hybridization tag using the Sacl site in expansion segment 3. The
hybridization tag was generated using a random sequence generator
(www.faculty.ucr.edu/~mmaduro/random.htm) and selected based on minimal predicted self-
complementarity and secondary structure as determined using Oligo Calc
(www.basic.northwestern.edu/biotools/OligoCalc.html). Constructs containing the
hybridization tag are designated with a 'tag' extension, e¢.g. pPol-I(18S-tag).

[0091] A short RNA polymerase (pol-1) promoter element containing the 5' Sall-box and
a minimal pol-I promoter was cloned from the intergenic spacer of a 45S rDNA gene (-169 to
+1) using primers Pol-1.1 and Pol-1.2. A Blgll site in Pol-I.1 and an Nhel site in Pol-1.2 were
used to clone the PCR fragment into pRL-CMYV, replacing the BlglI-Nhel fragment which
contains the CMV promoter and a chimeric intron. A pol-I terminator was obtained from the
3' external transcribed spacer (3' ETS) of 45S rDNA, which contains 10 Sall-box pol-I
terminators, using primers Pol-1.3 and Pol-1.4. A Notl site in primer Pol-1.3 and an Mfel site
in primer Pol-1.4 were used to clone the PCR fragment into pRL-CMV, replacing a Notl-
Mfel fragment that contains the SV40 polyA signal.

[0092] Three 5' ETS and two ITS1 fragments were cloned for these studies. The 5' ETS
fragments are the entire 4,014 nt sequence, and two shorter fragments that extend 1,188 and
703 nucleotides upstream of site 1. The two larger fragments were cloned using Ndel as the
3' site, which lies immediately 3' of site 1. The 4,014 nt sequence was obtained from a PCR
product containing the pol-I promoter and amplified using primers rDNA.3, which contains a
5' Bglll site, and rDNA.4. The 1,188 nt fragment was obtained from a PCR product amplified
using primers rDNA.4 and rDNA.5, and cloned using an Nhel site contained within the 5’
ETS. The 703 nt fragment was cloned together with the 18S rDNA in PCR reactions
performed using oligonucleotide primers rDNA.1 and rDNA.2. The two ITS1 fragments are
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a 1kb fragment amplified by using primers rDNA.6 and rDNA.7, and a 70 nt fragment cloned
with the 18S rDNA. The 1kb fragment was subcloned using a Notl site that was introduced
into rDNA.7 and an EcoNI site present at the 3' end of the 18S rDNA. The various fragments
described above were used to generate 6 constructs. The construct containing the full-length
5'ETS was assembled using the following restriction fragment combination: Mfel-BgllIl-
Ndel-EcoNI-NotI-Mfel. The other constructs were assembled using the restriction fragment
combination: Mfel-BgllI-Nhel-Ndel-EcoNI-Notl-Mfel.

[0093] For transcription via the RNA polymerase 11 (pol-II) promoter, the inserts
described above, except for the full-length 5' ETS insert, were transferred into plasmid pRL-
CMV, replacing the Nhel-Notl fragment. The full-length 5' ETS insert was first re-amplified
using oligonucleotide rDNA.12 to introduce an Nhel site at the 5' end. The chimeric intron of
pRL-CMV was removed and replaced with a Sacl-Nhel fragment generated by annealing
oligonucleotides rDNA.8 and rDNA.9.

[0094] Deletion constructs were generated by digesting plasmid pPol-I(18S-tag) with the
following enzymes followed by religation: Pvull-Afel (p18S.11), Pvull-Zral (p18S.10),
Avrll-Nhel (p188S.9), Xhol-Xhol (p18S.8), and Aatll (blunt)-Bgll (blunt)(p18S.7). p18S.7
was generated using a partial digestion with Bgll as the plasmid contains additional sites.
[0095] Mutations were generated by PCR, using complementary 45 nt primers containing
the mutations and 5' and 3' flanking primers located outside of restriction enzyme sites used
for cloning. A fragment from each PCR reaction was then subcloned into the expression
construct; an Ncol-HindIII fragment of 18S for antibiotic resistance mutations, or an Avrll-
Aatll fragment of 5' ETS for 5' hinge mutations.

[0096] Reporter Genes: pGL4.13 (Promega) was used as a monocistronic control.
Dicistronic controls were constructed from pGL4.13 with a double insertion 3' of the
synthetic firefly luciferase gene luc2. The first fragment, an Xbal-Ncol fragment was derived
from previous constructs containing a multiple cloning site (MCS), the Encephalomyocarditis
virus (EMCV) internal ribosome entry site (IRES), or the poliovirus (PV) IRES (10). The
second fragment was an Ncol-Xbal fragment from phRG-B (Promega), which contains the
humanized Renilla luciferase gene hRluc.

[0097] Analysis of rRNA expression and processing: All constructs in these studies were
tested in transiently transfected Neuro 2a (N2a) cells. Cells were seeded in 6 well dishes at
100,000 cells/well and transfected the next day using 1 pg DNA per well with 3 ul Fugene 6
(Roche). Approximately 48 hours post transfection, total RNA was extracted with Trizol
reagent (Life Technologies). RNA was quantified and 2 ug of total RNA and indicated
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amounts of rRNA in vitro transcripts were electrophoresed on denaturing agarose gels for
Northern blot analyses. For each set of samples, gels included a single stranded RNA marker
(1 ng of ssRNA marker; NEB). The positions of the bands were marked on membranes post
transfer using Ethidium Bromide staining. For Northern blot analyses, membranes were
hybridized overnight at 37°C in Ultrahyb solution (Ambion) using **P- or **P-5' labeled
oligonucleotide probes. Blots were analyzed using a Molecular Dynamics Phosphorimager
system. Different oligonucleotide probes (Table 1) were used to detect RNAs containing
various sequences. The a-tag probe for RNAs containing the 24-nt hybridization tag; the a-5'
ETS probe for RNAs containing 5' ETS sequences immediately upstream of site 1, the o-
ITS1 probe for RNAs containing ITS1 sequences immediately 3' of the site 2 and the a-18S
rRNA probe for 18S rRNA.

[0098] Size control transcripts were generated using an Ambion MEGAscript in vitro
transcription kit from PCR-generated fragments amplified using plasmid templates with 5'
primer tDNA. 10, which contains the T7 RNA polymerase promoter fused to the first 24
nucleotides of 18S rDNA and 3' primer rDNA.11 that is complementary to nucleotides at the
3" end of the 18S rDNA. The resulting transcripts contain 3 additional 5' guanine nucleotides
compared to endogenous 18S rRNAs. The untagged transcript is 1,874 nucleotides; the
tagged transcript is 1,898 nucleotides.

[0099] Analysis of synthetic ribosomes: For analyses of protein expression from
pactamycin-resistant ribosomes, cells were transfected in 24 well dishes seeded at 20,000
cells/ well 24 hours prior to transfection. 0.5 pg DNA was transfected per well using 1.5 pl
Fugene 6 (Roche). Approximately 40 hours post transfection, cell culture media was switched
to starvation medium lacking L-methionine and L-cysteine. Cells were starved for 30 minutes
before the media was changed to fresh starvation media containing pactamycin as indicated
in the figures, cultured for an additional 30 minutes, and then labeled with *S-Met/*>S-Cys
for 4 hours using 1.2 ul of TRAN3S5S label (MP Biomedicals, Ohio) per well. After labeling,
media was removed and cells washed with ice cold PBS. Cells were lysed on ice for 30
minutes on a rocker table with 35 ul ice cold RIPA buffer (10 mM Sodium Phosphate pH 7.3,
150 mM NaCl, 1 mM EDTA 1% IGEPAL CA-603, 0.1% SDS, 1% Sodium-Deoxycholate,
and 1x complete protease inhibitor (Roche)). Cell lysates were centrifuged for 15 minutes at
12,000 x g to remove debris and pellet genomic DNA; 19 ul of lysate was transferred to a
new tube with 1 ul IM DTT and 4x LDS loading buffer (Invitrogen). Samples were heated
for 5 minutes at 90°C, placed on ice, and electrophoresed on 4-12% BIS-TRIS NuPage gels
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using MOPS-SDS buffer. Gels were soaked in 30% Methanol, 5% glycerol for 30 minutes,
vacuum dried, and analyzed using a Molecular Dynamics Phosphorimager system or film.
[0100] For polysome analysis, cells were seeded at 100,000 per well in 6-well plates, and
transfected 24h later with an 18S rDNA expression plasmid using 6 ul Fugene 6 per ug DNA.
Forty-cight hours post transfection, samples were processed at 4°C; culture media was
aspirated and cells washed with ice cold PBS containing 0.1 mg/ml cycloheximide. Six wells
were scraped with 300 ul of cold lysis buffer A (20 mM Tris-HCI1 pH7.5, 15 mM MgCl,, 100
mM KCl, 1% TritonX-100, 0.1 mg/ml cycloheximide, 0.05x Murine RNase inhibitor (NEB),
Ix complete protease inhibitor (Roche)). The scraped cells and lysis buffer were then
transferred to tubes and incubated on ice for 10 minutes with occasional mixing for passive
lysis. Tubes were centrifuged for 10 minutes at 16,000 x g to pellet cellular debris.
Approximately 1 OD,g of supernatant was loaded onto a 12 ml 10%-50% sucrose gradient
(20 mM Tris-HCI pH7.5, 15 mM MgCl2, 100 mM KCI, 0.1 mg/ml cycloheximide).
Gradients were centrifuged at 35,000 rpm (155,000 x g) in a SW40Ti rotor for 3 hours, and
then fractionated using an ISCO fractionator. RNA was ethanol precipitated from these
fractions and the resulting pellet was extracted with phenol/chloroform. For each pooled
fraction, 1/10™ of the total volume was analyzed by primer extension using ddCTP to
distinguish between endogenous rRNAs and synthetic rRNAs containing the pactamycin-
resistance mutation. Controls for the primer extension reactions contained 200ng of a 1:1
18Swt/18S693mutant transcript mix (Control 1) and 600ng N2a total RNA (Control 2). RNA
sequencing ladders were generated using 200ng of the same 1:1 transcript mix.

[0101] For EDTA-dissociated ribosomes, cells were washed 48 hours post-transfection
with 1 mL warm PBS, and 18 wells were lysed using 800 ul ice cold lysis buffer B (20 mM
Tris-HCI pH 7.5, 100 mM KCl, 0.3% Igepal CA-630, 0.05x Murine RNase inhibitor (NEB),
1x complete protease inhibitor (Roche)). The lysate was further processed using a dounce
homogenizer (100 passes) and then spun for 15 minutes at 16,000 x g to pellet debris. The
OD»g of cach lysate supernatant was determined and 1/5th volume of EDTA buffer (20 mM
Tris-HCl pH 7.5, 100 mM KCIl, 150 mM EDTA, 0.05x Murine RNase inhibitor (NEB), 1x
complete protease inhibitor (Roche)) was added to adjust the final concentration of EDTA to
30 mM. Approximately 4.5 OD,¢ of each lysate was loaded onto a 12 mL 10-35% sucrose
gradient in 20 mM Tris-HCI pH 7.5, 100 mM KCl, 30 mM EDTA. Gradients were spun for 5
hours in an SW40Ti rotor at 40,000 rpm (200,000 x g). RNAs from fractionated samples
were analyzed as described above except 1/60™ of each pooled fraction was used due to more

efficient lysis and concentration of ribosomal subunits.
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[0102] P100 pellet and S100 supernatant fractions were prepared using mild lysis
conditions to minimize lysis of nuclei. Forty-eight hours post transfection, plates were
washed with 1 ml warm PBS, 250 ul ice cold lysis buffer B with 5 mM MgCl, and 2 mM
DTT was then added to each well. As described above, wells were scraped; the lysate was
subjected to active lysis and centrifuged to pellet debris. The supernatants were then
centrifuged for 3 hours at 100,000 x g. RNA was isolated from supernatants as described for
fractions above. The P100 pellet was softened overnight with 20 mM Tris pH 7.5, 100 mM
KCI, 5 mM MgCl, and RNA was extracted with phenol/chloroform.

[0103] For cotransfection experiments using 18S rDNA and luciferase reporter
constructs, cells were seeded in 6-well plates and transfected with an 18S rDNA expression
construct, as described above using 1 pg vector : 3 ul Fugene 6 per well. For pactamycin
treatment, cell media was removed 48 hours post transfection, and replaced with media
containing 100 ng/ml pactamycin. Cells were cultured for =30 minutes and then transfected
with reporter constructs using 1 pg plasmid and 2 pl Lipofectamine 2000 (Invitrogen). Cells
were cultured overnight, washed with warm PBS, and lysed with passive lysis buffer
(Promega). For each independent transfection experiment, an equal volume of cell lysate (20
ul out of 250 ul) was assayed using an E&G Berthold 96 well format dual injector
luminometer.

[0104] While this specification contains many specifics, these should not be construed as
limitations on the scope of the subject matter that is claimed or of what may be claimed, but
rather as descriptions of features specific to particular embodiments. Certain features that are
described in this specification in the context of separate embodiments can also be
implemented in combination in a single embodiment. Conversely, various features that are
described in the context of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable sub-combination. Moreover, although features
may be described above as acting in certain combinations and even initially claimed as such,
one or more features from a claimed combination can in some cases be excised from the
combination, and the claimed combination may be directed to a sub-combination or a
variation of a sub-combination. Only a few examples and implementations are disclosed.
Variations, modifications and enhancements to the described examples and implementations
and other implementations may be made based on what is disclosed.

[0105] All publications, databases, GenBank sequences, patents, and patent applications
cited in this specification are herein incorporated by reference as if each was specifically and

individually indicated to be incorporated by reference.
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WHAT IS CLAIMED IS:

1. A synthetic or isolated polynucleotide encoding a mammalian 18S rRNA that
1S resistant to pactamycin, wherein the pactamycin-resistance is conferred by one or more
single residue substitutions in the 18S rRNA sequence; a fragment thereof harboring said
substitutions; a complementary sequence thereto; or a substantially identical sequence of the

foregoing.

2. The polynucleotide of claim 1, wherein the single residue substitution is at a
position corresponding to G963, A964, C1065 or C1066 of mouse 18S rRNA (SEQ ID
NO:23).

3. The polynucleotide of claim 1, wherein the single residue substitution is at a

position corresponding to position G963 of SEQ ID NO:23.

4. The polynucleotide of claim 1, wherein the single residue substitution

corresponds to a G963 A substitution in SEQ ID NO:23.

5. The polynucleotide of claim 1, wherein the polynucleotide encodes human

18S rRNA or mouse 18S rRNA.

6. The polynucleotide of claim 1, wherein the polynucleotide comprises SEQ ID
NO:23 except for a G963 A substitution.

7. A mammalian 18S rRNA encoded by the polynucleotide of claim 1.
8. An expression vector expressing the polynucleotide of claim 1.

9. The vector of claim 8, wherein the polynucleotide further comprises the 5°

ETS and ITS1 of the rDNA sequence.

10.  The vector of claim 8, further comprises a pol-I promoter or a

cytomegalovirus (CMV) promoter.

11.  The vector of claim 8, further comprises the 3' ETS or an SV40 poly(A)

signal.
12. A host cell harboring the expression vector of claim 8.

13. A kit comprising the expression vector of any one of claims 8-11 and/or a cell

containing the expression vector.

39



WO 2013/177191 PCT/US2013/042061

14. A method for preferentially translating a recombinant mRNA, the method

comprising:

expressing the synthetic polynucleotide of claim 1 in a mammalian cell, wherein the
synthetic polynucleotide has been altered to introduce one or more mutations that confer

preferential binding of the 18S rRNA to the recombinant mRNA;
providing the recombinant mRNA to the cell; and

exposing the cell to pactamycin in an amount sufficient to reduce or eliminate protein
synthesis from the cell’s endogenous 40S ribosomal subunits, thereby largely restricting
protein synthesis in the cell to 40S ribosomal subunits comprising the 18S rRNA expressed
by the synthetic polynucleotide of claim 1 and preferentially translating the recombinant
mRNA.

15. A method for identifying a mutation in 18S rRNA that alters ribosomal

functions, comprising:

(a) introducing an additional mutation to a synthetic polynucleotide encoding a
mammalian 18S rRNA that is resistant to pactamycin, wherein the pactamycin-resistance is

conferred by one or more single residue substitutions in the 18S rRNA sequence;

(b) expressing the synthetic polynucleotide bearing the additional mutation in a host

cell in the presence of pactamycin; and

(c) detecting an alteration in the ribosomes of the host cell relative to that of a control
cell expressing the synthetic polynucleotide without the additional mutation; thereby

identifying the additional mutation as one altering ribosomal functions.

16.  The method of claim 15, wherein the synthetic polynucleotide is present in an

expression vector introduced into the host cell.

17.  The method of claim 15, wherein the pactamycin-resistant 18S rRNA harbors
a single residue substitution at a position corresponding to G963, A964, C1065 or C1066 of
mouse 18S rRNA (SEQ ID NO:23).

18.  The method of claim 15, wherein the single residue substitution corresponds to

a G963 A substitution in SEQ ID NO:23.

19.  The method of claim 15, wherein the synthetic polynucleotide comprises SEQ
ID NO:23 except for a G963 A substitution.
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20. A method for producing ribosomes with enhanced translation efficiency in a

mammalian cell, comprising:

(a) introducing an additional mutation to a synthetic polynucleotide encoding a
pactamycin-resistance mammalian 18S rRNA, wherein the pactamycin-resistance is

conferred by one or more single residue substitutions in the 18S rRNA sequence;

(b) introducing the synthetic polynucleotide bearing said additional mutation into a

host mammalian cell;
(c) culturing the cell in the presence of pactamycin; and

(d) detecting enhanced translation efficiency in the cell relative to that of a control cell
expressing the synthetic polynucleotide without the additional mutation; thereby producing

ribosomes with enhanced translation efficiency.

21.  The method of claim 20, wherein the synthetic polynucleotide is present in an

expression vector introduced into the host cell.

22.  The method of claim 20, wherein the pactamycin-resistant 18S rRNA harbors
a single residue substitution at position corresponding to G963, A964, C1065 or C1066 of
mouse 18S rRNA (SEQ ID NO:23).

23.  The method of claim 20, wherein the single residue substitution corresponds to

a G963 A substitution in SEQ ID NO:23.

24, The method of claim 20, wherein the synthetic polynucleotide comprises SEQ
ID NO:23 except for a G963 A substitution.

25. The method of claim 20, wherein translation efficiency is determined by

measuring the level of a specific polypeptide in the host cell.
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